It is becoming increasingly evident that the urocortins (Ucns) and their receptors are involved in the initiation and development of inflammation in the gastrointestinal (GI) tract. There has not been a systematic study of the basal expression of Ucns or their receptors in the GI tract. Here, we examined basal expression of Ucn 2 and its high-affinity receptor, CRF-R2 in the rat GI tract. Ucn 2 mRNA was expressed throughout the small and large intestine. Surprisingly, CRF-R2 mRNA expression was detected in only a subset of GI regions that expressed Ucn 2. Immunohistochemical study showed that both Ucn 2 immuno-reactivity (Ucn 2-IR) and CRF-R2-IR were consistently seen in the neurons of the myenteric plexus and the nerve fibers innervating the circular muscle. By and large, Ucn 2-IR was detected in all layers, including the mucosal and the submucosal layers throughout the GI regions. In contrast, CRF-R2-IR was very low or undetectable in the mucosal layers of all regions examined. The role of Ucn 2 and CRF-R2 was then examined in a rat model of chemically-induced colitis. In the early phase of colitis, Ucn 2 mRNA levels peaked, whereas, in striking contrast, CRF-R2 mRNA expression decreased ∼2.5-fold below control levels. At the peptide level, Ucn 2-IR was specifically induced in a large population of immune cells that infiltrated the lamina propria and submucosa of the distal colon, whereas CRFR2-IR was detected in only a small fraction of infiltrated immune cells. CRF-R2-IR was dramatically reduced in the neurons of the myenteric plexus. Thus, we show, for the first time, that in the acute phase of inflammation, Ucn 2 levels are increased whereas expression levels of its only identified receptor, CRF-R2, are decreased. This suggests that Ucn 2 exerts its effects only in part via CRF-R2.
Introduction
The urocortins (Ucn 1, Ucn 2 and Ucn 3) are members of the corticotropin-releasing factor (CRF) family of neuropeptides. These neuropeptides were originally described with respect to their role in the endocrine stress response [19] . They have since been found to have important roles in regulating diverse processes such as vascular tone, cardiac function, immune cell activation, feeding, and gastrointestinal (GI) motility [6, 17] . The urocortins exert their effects via two known receptors, CRF-R1 and CRF-R2 [10] . Ucn 1 binds with similar affinity to both receptors, while Ucn 2 and Ucn 3 bind exclusively to CRF-R2 [5] . Localization of these ligands and receptors has been done primarily in the central nervous system, and to a lesser extent in peripheral tissue [9, 16, 20] .
A growing number of studies demonstrate that the urocortins and their receptors play an important role in regulating inflammation in the GI tract of both humans and rodents [1, 4, 12, 13] . However, basal urocortin expression throughout the GI tract has not been systematically studied. What has been published focuses on Ucn 1; Ucn 2 and Ucn 3 are less well-described. In this study, we examined the basal expression of Ucn 2 and CRF-R2 in each segment of the rat GI tract, from the duodenum to the rectum.
Many animal models have been described for simulating inflammatory bowel disease, each with its own advantages and drawbacks [14] . To study if the expression of Ucn 2 and its receptor, CRF-R2, is affected in inflammatory conditions, we used trinitrobenzene sulfonic acid (TNBS) enemas to induce a chemical colitis that is an immunologically mediated, commonly accepted model for Crohn's disease. We studied the expression of Ucn 2 and CRF-R2 at various time-points in a 15-day course of TNBS colitis. We hypothesized that this time course would capture the peak of inflammation and the return to a non-inflamed state. The purpose of this study was to determine how Ucn 2 and CRF-R2 expression is altered in colonic inflammation, as compared to basal conditions, and thereby gain an understanding of its role in GI inflammation.
Materials and Methods

Animals
Adult male Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA), weighing 260-280 g were used for the experiments. The rats were individually housed in hanging wire cages in a room that was temperature-controlled (22°C) and light-controlled (12-h light/12-h dark cycle starting at 7 a.m.). The rats had ad libitum access to food and water, unless otherwise stated, and were given at least 3 days to acclimate to the housing facility before any experiments were done. All procedures were in accordance with the Institutional Animal Care and Use Committee at the University of California, San Francisco.
Experimental Design 1: Basal Studies
Rats (n=5) received isoflurane anesthesia prior to decapitation. The GI tract was removed from duodenum to rectum. Two portions of each segment were removed: one was snapfrozen in liquid nitrogen for RNA extraction, and the other was fixed in 4% paraformaldehyde (PFA) for histological study.
Experimental Design 2: Inflammation Studies
Rats (n=4-5 per group) were anesthetized with isoflurane, and a silicone catheter (Mallinckrodt Inc, St. Louis, MO) was inserted into the anus to a depth of 8 cm (to the splenic flexure). An enema consisting of 30 mg TNBS in a 50% ethanol (EtOH) vehicle was then given in a 250 μL volume via a 1 mL syringe attached to the catheter; a 50% ethanol enema served as a vehicle control. Rats were weighed daily at 10 a.m. Groups of rats (n=4) were then sacrificed on days 1, 3, 6, 9, 12 and 15, and tissue was collected as described above for RNA extraction and immunohistochemistry, with an additional segment collected for myeloperoxidase (MPO) assay analysis. The 50% ethanol control group was sacrificed on day 15.
Histological evaluation and Immunohistochemistry
Tissue from the GI tract was fixed in 4% PFA with 30% sucrose, embedded in OCT compound (Tissue-Tek, Sakura Finetek, Torrance, CA), sectioned (4-6 μm), and thawmounted onto Superfrost Plus (Fisher, Pittsburg) slides. Immunohistochemical analysis of Ucn 2 was done using a Ucn 2 primary antibody (rabbit, Phoenix Pharmaceuticals, Belmont, CA) at a 1:2000 dilution, and analysis of CRF-R2 was done using a CRF-R2 primary antibody (rabbit, Abcam Inc., Cambridge, MA) at a 1:4000 dilution. The secondary antibody used was a horseradish peroxidase-conjugated goat anti-rabbit (Jackson ImmunoResearch, West Grove, PA) at a 1:300 dilution. Diaminobenzidine tetrachloride was used for visualization and hematoxylin was used as a counterstain. Ucn 2 blocking peptide (Phoenix Pharmaceuticals) was used to pre-adsorb the Ucn 2 primary antibody and served as a negative control. Sections were also stained with hematoxylin and eosin for histological evaluation.
Semi-quantitative RT-PCR
Total RNA was isolated from snap-frozen tissue using RNA Stat-60 (Tel-Test, Friendswood, TX) according to the manufacturer's protocol. First-strand cDNA was synthesized from 2 μg of total RNA using random hexamers and MMLV-RT (Invitrogen, Carlsbad, CA) in a 20 μL reaction volume. 4 μL of the RT reaction was used as the template for each PCR reaction, using primers specific for rat Ucn 2, CRF-R2, TNF-α, IL-6 or cyclophilin (Table 1) . For normalization, cyclophilin was selected as an unrelated housekeeping gene. PCR products were analyzed using agarose gel electrophoresis, and band intensities of the transcripts of interest were quantified relative to cyclophilin band intensities using NIH Image.
Myeloperoxidase (MPO) Assay
MPO activity was measured using a modified 3, 3′, 5′, 5-tetramethylbenzidine (TMB) assay [15] . Snap-frozen tissue was homogenized in hexadecyltrimethylammonium bromide and 50 mM KH 2 PO 4 (pH 6). This suspension was then sonicated and centrifuged. The supernatant was freeze-thawed and assayed using the TMB Liquid Substrate System (Sigma, St. Louis, MO). Human MPO with known activity was used as a standard. MPO activity was then normalized to the weight of tissue sample used.
Statistical Analysis
Omnibus testing was done using one-way ANOVA, and planned pairwise comparisons of MPO activity and semi-quantitative PCR were done using Fisher's LSD post hoc test. This method was selected because we had formulated the hypothesis that inflammation would peak, and then resolve, during the selected time course, and because only a select list of variables were to be studied. Data from adjacent time-points were pooled to form early, middle, and late groups based on non-significant differences between pooled time-points. A value of p ≤ 0.05 was accepted as statistically significant. Rats that had MPO activity or a semi-quantitative PCR result that was ≥ 1.96 standard deviations from the mean were excluded from all analyses in order to reduce variance.
Results
Localization of Ucn 2 under basal conditions
Immunoreactive Ucn 2 (Ucn 2-IR) was distributed ubiquitously throughout the GI tract (Fig.  1) . The rectum exhibited the least Ucn 2-IR, whereas the jejunum exhibited the most. Moderate levels of Ucn 2-IR were seen in the duodenum, proximal ileum, terminal ileum, proximal colon and distal colon.
Detailed analysis of the various GI segments revealed that in all segments, Ucn 2-IR was present in the epithelial cells of the mucosa. In the duodenum, jejunum, ileum and the colon, certain support cells and immune cells of the lamina propria were positive for Ucn 2-IR. However, Payer's patches, when present, demonstrated faint and inconsistent immunoreactivity for Ucn 2. The endothelial lining of the lymphatics and the blood vessels were negative for Ucn 2-IR, but the neurons of the submucosal plexus, when present, were positive. The nerve fibers present in the circular muscle showed weak Ucn 2-IR and the neurons of the myenteric plexus were strongly positive for Ucn 2 (Fig. 1B) .
RT-PCR confirmed that Ucn 2 mRNA was present from the duodenum to the rectum (Fig.  2B ). Semi-quantitative RT-PCR from all regions of the GI tract revealed some degree of variability in Ucn 2 mRNA expression between individual rats under basal conditions. This variability was also reflected at the peptide level, as determined by IHC. Ucn 2 mRNA levels were most consistent between individual rats in the colon. Semi-quantitative RT-PCR from the terminal ileum, as well as the proximal and distal colons revealed that the highest levels of Ucn 2 were present in the distal colon, followed by proximal colon and the terminal ileum.
In comparison, CRF-R2 expression was even more variable than Ucn 2 expression along the GI tract, and mRNA was not detected in the duodenum (Fig. 2C) . mRNA levels were consistently highest in the terminal ileum, colon and rectum.
Effects of TNBS colitis: a time course study
Rats that received a TNBS enema failed to gain weight for the first half of the time course, whereas rats that received a 50% ethanol enema (vehicle control) gained weight appropriately (Fig. 3) . This effect on weight gain lasted for 6 days, after which time, the rate of weight gain between the treatment groups became parallel again. However, as expected, the body weight of the rats with colitis remained significantly lower than that of the control animals for the duration of the study.
The MPO assay showed a large and significant increase in MPO activity for TNBS-treated animals over what was seen in vehicle control rats (Fig. 4) . MPO activity peaked during the early phase (p < 0.001), decreased during the middle phase, and returned to vehicle control levels by the late phase of the time course.
Hematoxylin and eosin-stained histological sections showed the progression and subsequent initial stage of resolution of the colitis (Fig. 5) . One day after TNBS colitis was induced, mucosal ulcerations and necrosis were apparent. By the third day of colitis, there were large patches of circumferential ulceration and necrosis. There was also marked infiltration of inflammatory cells into the submucosa, as well as thickening of this layer. Mucosal healing began on the 6 th day and slowly progressed for the remainder of the time course. By the 9 th day, there was megacolon, a grossly evident dilation of the size of the lumen of the colon. At that time, capillary angiogenesis was also seen. At the 15 th day, ulceration severity improved significantly, but mucosal healing was not complete. The colon wall was also still thickened compared to basal specimens (Fig. 5 ).
Effects of TNBS colitis on Ucn 2 and CRF-R2 immuno-reactivity in the colon
Next, we ascertained how TNBS colitis affected tissue histology and whether it induced Ucn 2-IR and CRF-R2-IR in novel sites in the distal colon. In the early phase of TNBS-induced inflammation (day 3), mucosal ulceration and necrosis predominated. Histologically, in the surviving regions of colonic mucosa (days 3-15), normal columnar luminal absorptive cells appeared to be replaced by cuboidal cells, consistent with less mature, more rapidly dividing cells (shown in Fig. 6B, top panels) . Edema distended the lamina propria and the submucosa. Ucn 2-IR was induced in individual lamina propria inflammatory cells, as well as in the support cells of that layer (Fig 6B, top left panel) . Interestingly, Ucn 2-IR in all the lamina propria cells appeared to be enhanced by TNBS-induced inflammation. Macrophages were the predominant Ucn 2-IR cells, while neutrophils did not appear to have Ucn 2-IR. The submucosa was dramatically thickened by connective tissue infiltrated with a mix of immune cells, including macrophages, phagocytosing debris and lipid droplets (Fig. 6B , middle panels). Blood and lymphatic vessels were distended and edema grossly distorted all supporting tissue. Submucosal plexuses were unidentifiable in the damaged submucosal layer; however, Ucn 2-IR appeared to be decreased in the myenteric plexus neurons that were still identifiable (Fig. 6B, bottom left panel) .
Surprisingly, CRF-R2-IR appeared to be decreased in the neurons of the myenteric plexus after TNBS-induced inflammation ( Fig. 6A compared with Fig. 6B , bottom right panels). CRFR2-IR was detectable in scattered macrophages, most noticeably in the submucosa (Fig.  6B , middle right panel), but not in other identifiable immune cell types, namely neutrophils. After day 3, the number of infiltrated inflammatory cells decreased, and there was significant fibrosis throughout the submucosal and muscularis layers. Fibroblasts were prominent and showed Ucn 2-IR from the 6 th day to the 15 th day.
Effects of TNBS colitis on Ucn 2 and CRF-R2 mRNA in the colon
Semi-quantitative RT-PCR revealed that TNBS caused a significant increase in Ucn 2 mRNA compared to vehicle controls (Fig. 7A ). An initial peak was seen during the early phase (p = 0.04), before mRNA levels returned to vehicle control levels during the middle phase of the time course. A second peak was seen during the late phase (p < 0.01).
CRF-R2 mRNA levels fell by 2.5-fold below those of controls during the early phase of colitis (p = 0.05), but returned to vehicle control levels for the remainder of the time course (Fig. 7B) . Qualitatively, the RT-PCR and IHC results are in agreement.
Effects of TNBS colitis on cytokine mRNA in the colon
Alteration of pro-inflammatory cytokines is an integral part of an inflammatory response. Th1-type pro-inflammatory cytokines such as TNF-α and IL-6 are normally altered in Crohn's disease. We followed the changes in expression of these cytokines during the time course of colitis. Semi-quantitative RT-PCR revealed that TNBS caused TNF-α expression to be significantly elevated (Fig. 8A ) above vehicle control levels during the middle and late phases (p = 0.02 and p < 0.01, respectively). IL-6 expression was elevated throughout the time course (p < 0.01, p < 0.01 and p=0.05 for early, middle, and late phases, Fig. 8B ).
Discussion
Although initially characterized in the central nervous system, the expression of urocortins and their receptors has been described in many peripheral organs, including the GI tract. Their expression has been linked to regulation of inflammation, and may represent a powerful therapeutic target in inflammatory bowel disease. Increased Ucn 1 expression has been found to correlate with active gastritis, and patients who responded to treatment for gastritis had even higher levels of expression [1] . In the colon, CRF-R2, the only known receptor for Ucn 2 and Ucn 3, has been found to regulate visceral pain and colonic afferent signaling [8] . Finally, Ucn 1 and Ucn 2 have been found to induce macrophage apoptosis via CRF-R2 [18] . Therefore, we sought to characterize basal Ucn 2 and CRF-R2 expression throughout the GI tract and under inflammatory conditions in the colon.
We found Ucn 2 expression throughout the GI tract, by both RT-PCR and immunohistochemistry. This is in agreement with studies that have found CRF-R2, its receptor, in the upper GI tract [3] , and the colon [2] , and also with our results that found consistent CRF-R2 expression in the colon, primarily in the neuronal plexuses and more infrequently in inflammatory cells. Overall, Ucn 2 expression was most consistent in the mucosal epithelium and in the neuronal plexuses, although there was variation between segments of the tract. The variability of expression, both in quantity and in cell-type, along the GI tract suggests a manner by which Ucn 2 may have different effects in different GI segments. Based on functional studies of CRF-R2, it may be hypothesized that the localization of Ucn 2 in the neuronal plexuses may function in regulating both GI motility [7] , as well as visceral pain [8] . Ucn 2 localized to the epithelium may function in controlling mucosal permeability, as the peripheral CRF signaling pathways have been shown to mediate mucosal permeability [11] .
Furthermore, the variability of Ucn 2 mRNA and peptide levels observed between different individuals under basal conditions suggests that a threshold basal expression may be required to respond to an inflammatory challenge. This notion is supported by the findings in patients with H. pylori infection [1] . When treated, these patients fall into two categories: responders and non-responders, with responders exhibiting a further increase in their Ucn levels as inflammation resolves and non-responders having no further change in their Ucn levels.
After TNBS colitis was induced, we found that Ucn 2 mRNA expression became markedly elevated above vehicle control levels. The initial peak was during the early phase (days 1 & 3), and corresponded to the peak in MPO activity. During the middle phase (days 6 & 9), Ucn 2 expression returned to vehicle control levels. Interestingly, during the late phase (days 12 & 15), Ucn 2 expression increased again, equaling the peak seen in the early phase. Immunohistochemistry further revealed that Ucn 2-IR was specifically increased in the infiltrated macrophages of the lamina propria and the submucosa, 3 days after colitis was induced. On days 6-15, Ucn 2-IR was seen clearly in numerous fibroblasts, perhaps leading to the increasing Ucn 2 mRNA expression found by RT-PCR.
In striking contrast to its ligand, CRF-R2 mRNA expression showed a marked decrease during the early phase that was synchronous with the early Ucn 2 peak. For the remainder of the course, CRF-R2 expression remained at vehicle control levels. The concurrent decrease in CRF-R2 while Ucn 2 expression was elevated during the early phase may represent a compensatory decrease in receptor in response to the increase in ligand expression, or vice versa. This mechanism could be used to modulate the inflammatory process. It may also be possible that all of the actions of Ucn 2 are not mediated via CRF-R2 and that there is another unidentified receptor for Ucns.
From this study alone, it is not possible to determine if the elevation in Ucn 2 expression is part of the inflammatory reaction itself, or whether it is part of the anti-inflammatory response to the colitis. However, the increasing Ucn 2 expression during the late phase, concurrent with decreasing MPO activity during that time, suggests that Ucn 2 may play a role in resolving inflammation.
Our study of selected cytokine expression showed that TNF-α expression became elevated in response to TNBS, and remained elevated throughout the time course studied. IL-6 expression, in contrast, became elevated but returned to control levels during the late phase. The elevated TNF-α expression during the late phase, despite control levels of MPO activity, demonstrates the limitations of the MPO system in detecting inflammation beyond what is mediated by neutrophils. Disproving our initial hypothesis that the selected time course would show the resolution of acute inflammation, the TNF-α expression suggests that the inflammatory process is not completely captured during our selected time course. Elevation in Ucn 2 expression during the late phase may be directly or indirectly related to persistently elevated TNF-α expression, but most likely represents only one aspect of the multi-factorial regulation of cytokine production.
A further study that may clarify the role of Ucn 2 in colonic inflammation would be to deliver exogenous Ucn 2 peptide agonist and determine how it alters the progression of TNBS colitis. Alternatively, colon-specific knockout of Ucn 2 expression, using RNA interference, might also elucidate the role of this neuropeptide in this tissue.
In summary, we have demonstrated that Ucn 2-IR is detectable throughout the GI tract, and that the cell types that express it are variable. Expression in mucosal epithelium and neuronal plexuses is quite consistent, and agrees with other data implicating urocortins in inflammatory regulation. Inducing an immune colitis leads to an increase in Ucn 2 mRNA that initially peaks during the early phase, correlating with highest MPO activity, and again during the late phase, when MPO activity is at control levels. Ucn 2-IR does not change in intrinsic colonic tissue, with the exception of the neurons in the myenteric plexus, but infiltrating immune cells show strong Ucn 2-IR, possibly as part of an innate antiinflammatory response. Representative PCR products from throughout the GI tract. A: cyclophilin (593 bp). B: Ucn 2 (371 bp). C: CRF-R2 (231 bp). Key: M -marker, D -duodenum, J -jejunum, PI -proximal ileum, TI -terminal ileum, PC -proximal colon, DC -distal colon, R -rectum. TNBS effects on body weight. TNBS animals failed to gain weight for 6 days after colitis was induced, compared to vehicle control animals. TNBS effect on MPO activity. TNBS induced a marked increase over that of the vehicle control, which peaked during the early phase. MPO activity decreased during the middle phase, and returned to vehicle control levels by the late phase. ‡ p < 0.001. Histological changes from TNBS colitis. All sections are stained with hematoxylin and eosin and shown at 25×. A: Vehicle control, B: Early phase (day 3), C: Middle phase (day 9), D: Late phase (day 12). Compared to vehicle control tissue, TNBS-treated animals at 3 days showed marked mucosal damage and submucosal edema with infiltration of inflammatory cells. At 9 days, significant fibrosis is seen. 12 days after TNBS treatment, some recovering mucosa is seen, but there continues to be large amounts of fibrotic tissue. Key: M -mucosa, SM -submucosa, Mu -muscularis. For reproduction in color on the Web and in print. Relative quantity of mRNA during TNBS colitis. A: Ucn2 mRNA. B: CRF-R2 mRNA. Ucn 2 expression initially peaks during the early phase, and returns to vehicle control levels during the middle phase. A second peak, equaling the initial peak, is seen in the late phase. In contrast, CRF-R2 expression is decreased during the early phase, but is otherwise unchanged from control levels. ‡ p ≤ 0.04, § p = 0.05. Relative quantity of TNF-α and IL-6 during TNBS colitis. A: TNF-α. B: IL-6. TNF-α is significantly elevated over vehicle control levels during the middle and late phases, while IL-6 is significantly elevated throughout the course of TNBS colitis. ‡ p ≤ 0.02, § p = 0.05. Peptides. Author manuscript; available in PMC 2013 July 22.
